Prostaglandin E 2 (PGE 2 ) plays crucial roles in managing microglial activation through the prostanoid EP 2 receptor, a PGE 2 receptor subtype. In this study, we report that PGE 2 enhances interferon-c (IFN-c)-induced nitric oxide production in microglia. IFN-c increased the release of nitrite, a metabolite of nitric oxide, which was augmented by PGE 2 , although PGE 2 by itself slightly affects nitrite release. The potentiating effect of PGE 2 was positively associated with increased expression of inducible nitric oxide synthase. In contrast to nitrite release induced by IFN-c, lipopolysaccharide-induced nitrite release was not affected by PGE 2 . An EP 2 agonist, ONO-AE1-259-01 also augmented IFN-c-induced nitrite release, while an EP 1 agonist, ONO-DI-004, an EP 3 agonist, ONO-AE-248, or an EP 4 agonist, ONO-AE1-329, did not. In addition, the potentiating effect of PGE 2 was inhibited by an EP 2 antagonist, PF-04418948, but not by an EP 1 antagonist, an Microglia are the resident macrophages in the central nervous system, and elicit their functions, which are referred to as microglial activation, in accordance with changes in their environment ( Address correspondence and reprint requests to Motohiko Takemura, Department of Pharmacology, Hyogo College of Medicine, 1-1 Mukogawa-cho, Nishinomiya, Hyogo 663-8501, Japan. E-mail: m-takemu@ hyo-med.ac.jp
Microglia are the resident macrophages in the central nervous system, and elicit their functions, which are referred to as microglial activation, in accordance with changes in their environment (Nakajima and Kohsaka 2001; Kettenmann et al. 2011; Heneka et al. 2014) . The biochemical cues contain not only endogenous molecules such as adenosine triphosphate (ATP), amyloid b-peptides, and interferon-c (IFN-c) but also exogenous molecules from microorganisms including lipopolysaccharide (LPS) (Nakamura 2002) . On stimulation with these molecules, microglia gain or lose their capability to migrate, phagocytose, proliferate, produce cytokines, and present antigens to act detrimentally or beneficially on their surrounding cells. Nitric oxide production plays a pivotal role in microglial activation, because nitric oxide serves not only as a mediator of cytoxicity (Boje and Arora 1992; Chao et al. 1992; Takeuchi et al. 1998; Brantley et al. 2010) , but also as a modulator of cellar functions (Shie et al. 2005; Kakita et al. 2013) . Therefore, in the central nervous system, microglia are in mutual communication with their surrounding cells by biochemical cues including nitric oxide.
Prostaglandin E 2 (PGE 2 ), which is a cyclooxygenase (COX) metabolite (Narumiya et al. 1999) , also modulates microglial activation. For example, PGE 2 reduced extracellular ATP-induced migration (Nagano et al. 2008) , amyloid b-induced phagocytosis (Nagano et al. 2010) , LPS-induced interleukin-1b release (Caggiano and Kraig 1999) , and LPSinduced tumor necrosis factor-a production (Petrova et al. 1999) , and induced apoptosis (Nagano et al. 2014; Fu et al. 2015) . These reports indicate that PGE 2 is likely to reduce some microglial functions; however, there are several reports suggesting that some microglial functions were potentiated by PGE 2 (Minghetti et al. 1997b; Johansson et al. 2013; Quan et al. 2013) . PGE 2 exerts its cellular effects by binding to four prostanoid EP receptors. The EP 1 receptor leads to Ca 2+ mobilization, the EP 2 receptor and the EP 4 receptor are coupled with Gs protein to increase cyclic adenosine monophosphate (AMP), and the EP 3 receptor is linked to Gi protein to inhibit adenylate cyclase (Narumiya and Furuyashiki 2011; Woodward et al. 2011) . In microglia, functional EP 2 receptors were expressed and were associated with microglial activation (Caggiano and Kraig 1999; Petrova et al. 1999; Nagano et al. 2008 Nagano et al. , 2010 Johansson et al. 2013; Quan et al. 2013; Fu et al. 2015) . In addition, it has recently been reported that microglia expressed EP 4 receptors, which were involved in microglial activation (Shi et al. 2010; Brenneis et al. 2011; Woodling et al. 2014) .
Therefore, microglial activation may be affected by PGE 2 through several EP receptors.
The purpose of our study was to examine the effects of PGE 2 on microglial activation, and we hypothesized that PGE 2 would affect microglial nitric oxide production, which plays a pivotal role in their cellular function. Accordingly, we investigated the effect of PGE 2 on nitrite release induced by IFN-c or LPS. The effect of PGE 2 on inducible nitric oxide synthase (iNOS) expression was also investigated. In addition, using selective agonists and antagonists of EP receptors, nitrite release and cyclic AMP accumulation were measured to determine which EP receptors are responsible for the effect of PGE 2 .
Experimental procedures
Materials 17-phenyl trinor PGE 2 , butaprost (methyl ester), GW627368X, iloprost, L-902688, PF-04418948, PGD 2 , PGE 2 , PGF 2a , SC-51322, sulprostone, TG4-155, and U-46119 were from Cayman Chemical (Ann Arbor, MI, USA), L-798106 and LPS from Escherichia coli O127:B8 were from Sigma-Aldrich (St. Louis, MO, USA), rat recombinant IFN-c was from PeproTech (Rocky Hill, NJ, USA), Cell culture Microglia were prepared from cerebral cortices of 2-3-day-old Wistar rats of both sexes (Japan SLC, Shizuoka, Japan), as described in a previous report (Nagano et al. 2014) . Briefly, the cerebral cortices were dissolved and plated in 75 cm 2 flasks for mixed glial culture. The glial cells were grown in Eagle's minimum essential medium (Nissui Pharmaceutical, Tokyo, Japan) with 10% fetal bovine serum (Nichirei Biosciences, Tokyo, Japan), 2 mM Lglutamine, and 10% sodium hydrogen carbonate at 37°C in a 5% carbon dioxide atmosphere. After 14-28 days, the culture flask was gently agitated on an orbital shaker at 100 rpm for 30 min to obtain loosely attached cells. The supernatant containing detached cells was collected and centrifuged at 200 g for 5 min. The pellet was suspended in serum-free Eagle's minimum essential medium at a density of 30 9 10 4 cells/mL, and the cells were seeded. These cells were routinely > 97% positive for anti-Iba1 antibody (Wako Pure Chemical Industries, Osaka, Japan) staining, < 1% positive for antiglial fibrillary acidic protein antibody (Sigma-Aldrich) staining, and negative for anti-microtubule associated protein-2 antibody (Chemicon, Temecula, CA, USA) staining (data not shown). The animal use and care in this study were approved by the Hyogo College of Medicine Committee on Animal Research (13-008).
Measurement of nitrite concentration
Nitrite, a metabolite of nitric oxide, was considered to be an indicator of nitric oxide production. Briefly, to the collected cultured medium, the same amount of Griess regent (1% sulfanilamide, 0.1% naphtylethylene diamine, 2.5% phosphoric acid) was added. After a 10-min incubation, the optical density at 570 nm was measured using SPECTRAmax PLUS384 (Molecular Devices, Sunnyvale, CA, USA). To calculate the nitrite concentration, sodium nitrite was used as a standard.
Western blotting Cells were scraped with lysis buffer (1% Triton X-100, 20 mM Tris; pH7.4, 150 mM sodium chloride, 4 mM EGTA, and protease inhibitor cocktail). The lysates were centrifuged at 10 000 g for 10 min, and the supernatant was used. The samples were mixed in Laemmli's buffer (50 mM Tris; pH 6.8, 2% sodium dodecyl sulfate, 1% 2-mercaptoethanol, 2% glycerol, 0.002% bromophenol blue), and the mixtures were separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 3% skim milk at 4°C for 24 h, 
Measurement of intracellular cyclic AMP accumulation
Intracellular cyclic AMP accumulation was determined by a cyclic AMP EIA kit (Cayman Chemical), as described in a previous report (Nagano et al. 2008) . Briefly, cells were treated with isobutylmethylxanthine at 10 À3 M for 3 min, followed by additions of antagonists of EP receptors, and then PGE 2 or agonists of EP receptors. After a 10-min incubation, the cells were scraped with lysis buffer (0.1% Triton X-100 and 0.1 M hydrochloric acid), and to the lysates, the same amount of 0.1 M sodium hydroxide was added. The mixtures were centrifuged at 10 000 g for 10 min, and the supernatants were used for the assay.
Statistical analysis
The results are expressed as the means AE SEM. Significance was determined by Tukey's test or Dunnett's test using R 3.2.1 with multcomp package 1.4-1, and values of p < 0.05 were considered to be significant.
Results

IFN-c-induced nitrite release is enhanced by PGE 2
In cultured rat microglia, IFN-c at 10 À7 À10 À6 g/mL for 24 h increased nitrite release, and nitrite release induced by IFN-c at 10 À9 À10 À6 g/mL was potentiated by PGE 2 at 10 À6 M, although PGE 2 by itself did not increase nitrite release (Fig. 1a) . Nitrite release induced by IFN-c at 10 À7 g/mL was potentiated by PGE 2 at 10 À6 À10 À5 M, and was increased to about 200% in the presence of exogenous PGE 2 at 10 À6 M (Fig. 1b) . LPS at 10 À7 À10 À6 g/mL also increased nitrite release, but LPS-induced nitrite release was not affected by PGE 2 at 10 À6 M (Fig. 1c) , nor was nitrite release induced by LPS at 10 À7 g/mL affected by PGE 2 up to 10 À5 M (Fig. 1d) .
To investigate whether nitrite release was associated with an induction of iNOS expression, the protein level was determined by western blotting. (Fig. 2e-h ). In addition, another EP 2 agonist, butaprost, potentiated IFN-c-induced nitrite release, and the potentiating effect of PGE 2 on IFN-c-induced nitrite release was inhibited by another EP 2 antagonist, TG4-155 (Fig. 3) . These agonists or antagonists of EP receptors by themselves did not affect nitrite release in the absence of IFN-c by IFN-c. After treatment for 24 h, the culture medium was collected and reacted with Griess reagent, and the nitrite concentration was calculated. The results are expressed as the means AE SEM from 5 to 9 wells. **p < 0.01, significantly different from the control; † †p < 0.01, † † †p < 0.001, from the value without treatment of agonists of EP receptors or PGE 2 . ‡ ‡ ‡p < 0.001, from the value without treatment of antagonists of EP receptors.
( Fig. 2a-d , and data not shown). ONO-AE-248 at 10 À5 M reduced IFN-c-induced nitrite release (Fig. 2c) , and ONO-8713 at 10 À5 M reduced the potentiating effect of PGE 2 on IFN-c-induced nitrite release (Fig. 2e) . These mechanisms are currently unknown, but they are unlikely to involve the EP 2 receptor, because they did not affect intracellular cyclic AMP accumulation (Fig. 4c and e) . These results suggest that PGE 2 potentiates IFN-c-induced nitrite release through the EP 2 receptor.
Activation of the EP 2 receptor increases intracellular cyclic AMP To demonstrate microglial response to selective agonists and antagonists of EP receptors, intracellular cyclic AMP accumulation was examined. ONO-AE1-259-01 increased intracellular cyclic AMP accumulation in a dose-dependent manner, but ONO-DI-004, or ONO-AE-248 up to 10 À5 M had little effect (Fig. 4a-c) . ONO-AE1-329 at 10 À5 M elevated intracellular cyclic AMP accumulation to about 400% of the level of controls, but it was not significantly different from controls because the P value was 0.0668 ( Fig. 4d) , while ONO-AE1-259-01 at 10 À5 M significantly elevated intracellular cyclic AMP accumulation to about 7 600% of control levels. These results are similar to a previous report using an EP 4 agonist, CAY10598 (Quan et al. 2013) . In addition, ONO-AE1-329 at 10 À5 M and under was reported to affect microglial functions (Noda et al. 2007; Woodling et al. 2014) . PGE 2 at 10 À6 M increased intracellular cyclic AMP accumulation, and the increase was inhibited by PF-04418948 at 10 À8 À10 À5 M, but not by ONO-8713, ONO-AE3-240, or ONO-AE3-208 up to 10 À5 M (Fig. 4e-h ). These results indicate that PGE 2 acts on the EP 2 receptor to increase intracellular cyclic AMP accumulation in microglia.
PGE 2 does not affect IFN-c-promoted STAT1 phosphorylation It has been reported that IFN-c but not LPS, promoted STAT1 phosphorylation at Tyr701, which was suggested to be associated with iNOS expression in glial cells (Kitamura et al. 1996) and in BV-2 microglia (Lee et al. 2003) . Thus, western blotting was used to investigate the effect of PGE 2 on IFN-c-promoted STAT1 phosphorylation at Tyr701. IFNc for 1 h increased the expression of phosphorylated STAT1a and the splice variant STAT1b in a dose-dependent manner, but these levels were not affected by PGE 2 (Fig. 5) . These results indicate that PGE 2 has no effects on IFN-cpromoted STAT1 activation. 
(e) (f) (g) (h) Fig. 4 Effects of selective agonists and antagonists of EP receptors on intracellular cyclic AMP accumulation in cultured rat microglia. Cells were seeded in a culture plate and treated with isobutylmethylxanthine at 10 À3 M for 3 min, followed by the addition of ONO-DI-004, ONO-AE1-259-01, ONO-AE-248, or ONOAE1-329. To investigate the effects of EP antagonists, cells were treated with isobutylmethylxanthine at 10 À3 M for 3 min, followed by the addition of ONO-8713, PF-04418948, ONO-AE3-240, or ONOAE3-208 for 3 min prior to addition of PGE 2 . After treatment for 10 min, the intracellular content was collected, and the cyclic AMP concentration was measured. The results are expressed as the means AE SEM from 4 to 6 wells. **p < 0.01, ***p < 0.001, significantly different from the control; † † †p < 0.001, from the value without treatment of PGE 2 .
IFN-c-induced nitrite release is enhanced by PGE 2 , but not by other prostanoid receptor agonists To investigate whether nitrite release was affect by the activation of other prostanoid receptors or EP receptors, a series of agonists were used. As a result, IFN-c-induced nitrite release was potentiated by PGE 2 , but not by PGD 2 , PGF 2a , an IP receptor agonist, iloprost, or a TP receptor agonist, U-46119 (Fig. 6a) . LPS-induced nitrite release was not affected by other prostanoid receptor agonists, except PGD 2 (Fig. 6b) . The mechanism of how PGD 2 reduced LPSinduced nitrite release has not been identified. These results suggest that PGE 2 , but not other prostanoid receptor agonists, potentiates IFN-c-induced nitrite release.
Discussion
PGE 2 plays significant roles in modulating microglial activation. This study demonstrated that PGE 2 augmented nitrite release induced by IFN-c, but not by LPS. It was also shown that the potentiating effect of PGE 2 was mediated by the activation of the EP 2 receptor, which increased the intracellular cyclic AMP concentration. In addition, the effect of PGE 2 was unlikely to be associated with STAT1 activation induced by IFN-c. Furthermore, IFN-c-induced nitrite release was not affected by agonists of other prostanoid receptors, except PGE 2 . PGE 2 enhances IFN-c-induced nitric oxide production in microglia. This is because IFN-c-induced nitrite release and iNOS expression were potentiated by PGE 2 (Fig. 1a and b , e-h). In agreement with our results, there are some reports that PGE 2 enhanced tumor necrosis factor-a/IFN-c-induced nitrite release in mouse bone marrow-derived macrophages (Mau€ el et al. 1995) and cultured astrocytes (Hsiao et al. 2007) . In microglia, LPS/IFN-c-induced iNOS mRNA expression was potentiated by an EP 2 agonist, butaporst, and the effect of butaprost was blocked by an EP 2 antagonist, TG4-155 (Quan et al. 2013) . On the other hand, LPSinduced nitrite release was not affected by PGE 2 (Fig. 1c and  d) , whereas there are reports that PGE 2 reduced LPS-induced nitrite release (Minghetti et al. 1997a; Fiebich et al. 1998) . Although the effect of PGE 2 on LPS-induced nitric oxide Cells were seeded in a culture plate, and treated with PGE 2 accompanied by IFN-c. After treatment for 1 h, the cellular protein was collected and subjected to western blotting analysis with antiphosphorylated STAT1 antibody at Tyr701 and anti-STAT1 antibody, respectively. The signal intensities were quantified, and the ratios of phosphorylated STAT1 to total STAT1 were calculated. The values are expressed as the % of the means AE SEM from 5 to 7 experiments, and the mean obtained with IFN-c at 10 À7 g/mL in the absence of exogenous PGE 2 was arbitrarily taken as 100%. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the control. production remains controversial, IFN-c-induced nitric oxide production is enhanced by PGE 2 . The potentiating effect of PGE 2 on IFN-c-induced nitrite release is mediated by the EP 2 receptor. This is because the EP 2 receptor alone had both the potentiating effect of agonists and the inhibiting effect of antagonists on IFN-cinduced nitrite release (Figs 2 and 3) . Furthermore, IFN-cinduced nitrite release was significantly potentiated by ONO-AE1-259-01 at 10 À7 M (Fig. 2b) and PGE 2 at 10 À6 M (Fig. 1b) , in accordance with Ki values for ONO-AE1-259-01 and PGE 2 of 0.003 and 0.038 lM, respectively, at the mouse EP 2 receptor (Suzawa et al. 2000) . It was also confirmed that activation of the EP 2 receptor increased intracellular cyclic AMP accumulation (Fig. 4) . The doseresponse relationship between PGE 2 and IFN-c-induced nitrite release (Fig. 1b) was shown to be similar to that between PGE 2 and intracellular cyclic AMP accumulation (Nagano et al. 2008) . Thus, cyclic AMP is a candidate for intracellular signaling molecules in the potentiating effect of PGE 2 on IFN-c-induced nitrite release. In addition to cyclic AMP, b-arrestin was also reported to be involved in the EP 2 receptor signaling pathway (Chun et al. 2009; Yun et al. 2011; Quan et al. 2013; Chu et al. 2015) . Moreover, there is a possibility that b-catenin and phosphatidylinositol 3-kinase are mediated by the EP 2 receptor, as well as cyclic AMP (Castellone et al. 2005; Yao et al. 2009 ). Therefore, PGE 2 enhances IFN-c-induced nitrite release though the EP 2 receptor, which may involve several intracellular signaling molecules including cyclic AMP. PGE 2 is not involved in an autocrine manner in IFN-cinduced nitrite release, because PF-04418948 did not affect IFN-c-induced nitrite release without exogenous PGE 2 (Fig. 2f) . As IFN-c induced COX-2 expression in microglia (Kim et al. 2005) , COX-2-produced PGE 2 could affect iNOS expression. Another PGE 2 producing enzyme, COX-1, was also expressed in microglia (Minghetti and Levi 1995; Nagano et al. 2010) . Although PGE 2 could be secreted from microglia, PF-04418948 could not affect IFN-c-induced nitrite release. In addition, IFN-c-induced nitrite release was not affected by a COX inhibitor, ibuprofen, which reduced PGE 2 production induced by IFN-c (Chuang et al. 2015) . These results indicate that PGE 2 secreted from microglia has no effect on nitric oxide production in cultured conditions.
In conclusion, IFN-c induces iNOS expression followed by nitric oxide production, and this effect of IFN-c is potentiated by PGE 2 through the EP 2 receptor. PGE 2 affects microglial activation including migration, phagocytosis, and production of cytokines and nitric oxide. Nitric oxide acts not only on microglia themselves as a modulator of their activation, but also on the surrounding cells as a cytotoxic mediator. Therefore, PGE 2 has important roles in microglial activation both directly and indirectly through nitric oxide.
